Introduction
The pattern and extent of variation (polymorphism) at genetic loci, when combined with the theory of population genetics, can provide some clues to understanding the evolutionary history of organisms. In such a pursuit, it is important to delimit the time period during which polymorphism has persisted. The persistence time of alleles may differ from locus to locus, owing both to the intrinsic stochastic nature of polymorphism and to the differences in the relative importance of the evolutionary mechanisms involved. The two most diverged alleles so far known in human populations are alleles at the class II DRBl locus of the major histocompatibility complex (Mhc, HL,A in humans). The separation time between the alleles was estimated as -35 Mya Satta et al. 199 1) , which coincides with the emergence of hominoids from the Old-World monkeys. The DRBl polymorphism is unprecedentedly old and sets the earliest stage of human evolution that we can address in the present context. In this paper, I would like to consider the following problems concerning the 1. Key words: population structure, coalescence, balancing selection, Mhc, mtDNA, transspecies polymorphism. multiregional hypothesis ( Wolpoff 1989) allows migration among different populations but emphasizes the local continuity in the evolution of modern humans. In either view, individuals of H. erectus already occupying the Old World are assumed to have evolved to modern H. sapiens worldwide simultaneously. The time period with which these hypotheses are concerned is the past 1 Myr. It is assumed that during this period each local population was a somewhat independent evolutionary unit, and the Neanderthals are regarded simply as representatives of relatively advanced humans in Europe and the Near East. The requirement for the independent and parallel evolution of local populations is strict in the candelabra hypothesis, whereas it is mild in the multiregional hypothesis, because of the assumed migration, although the extent of migration has never been specified. On the other hand, the Noah's Ark hypothesis envisages the evolution of modern H. sapiens from a single isolated population of archaic H. sapiens (Howells 1976) . It is assumed that when modern H. sapiens began to spread through the Old World it replaced indigenous H. erectus populations, without integrating their genes in any substantial way (e.g., see Cann et al. 1987; Stringer 1990 ). This hypothesis is vague, however, with regard to both the time of emergence of modern H. sapiens and the size of the founding population, and the debate on the origin of modern H. sapiens often centers around this point. In this paper it is assumed that the emergence took place -200,000 years ago; two situations are considered-( 1) that in which there is a severe reduction in population size (bottleneck) and (2) that in which there is not a severe reduction in population size.
All the hypotheses mentioned above have been discussed extensively but only qualitatively, even in a recent debate (Thorne and Wolpoff 1992; Wilson and Cann 1992) . Quantitative arguments based on well-defined models are clearly required, and such quantification, I believe, is very important if one is to distinguish between the hypotheses and eventually resolve the controversy. In the following, I first examine available genetic data and then present theoretical results based on a model of population subdivision. Theoretical considerations are further extended to the case where there might have been a dramatic change in population size.
Genetic Data
Genetic data currently available for human populations show three main features. First, the extent of polymorphism is rather low in terms of both mean heterozygosity (H) for electrophoretically detected protein variants and nucleotide diversity (K) for DNA sequences (Nei 1987, p. 268) . H or 7c measures genetic diversity and is defined as the probability of two randomly chosen genes or two randomly chosen nucleotides being different from each other. The estimated value of H is 14.3% in a paper by Nei and Roychoudhury ( 1982) . Although this value of H is greater than that of other primates or even of most vertebrates, the estimate of the effective population size (N,) that is compatible with neutrality (Kimura 1968 ) is only IO4 (Nei and Graur 1984; table 1) . A comparison of DNA sequences at 49 non-HLA nuclear loci shows that rc ranges from 0.03% to 0. 1 l%, depending on genomic region (Li and Sadler 199 1) . The N, value estimated from these rt values is again as small as 10 4 (table 1) . In a random mating population, N, is roughly equal to the number of breeding individuals, but in geographically subdivided populations, it depends also on both the amount of migration and the number of subpopulations. Under the latter circumstance, N, can be much larger than the number of breeding individuals when migration is limited, as we shall see later.
Second, the extent of genetic differentiation of contemporary human populations . . . [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] . N, or N," 9,000-12,000 8,000-11,000 3,500-4,600
' If the sex ratio is I, then N, = 2N,. The estimated ratio is close to I, though slightly biased toward males. b Nei and Livshits (1990) estimated the genetic distance (0) between Africans and Asians as 0.048, on the basis of 84 protein-encoding loci. If the divergence time (t) between Africans and Asians is 120,000 yean (Nei and Roychoudhury 1974) , then the rate of neutral electrophoretic mutation (0) is 2 X lo-'/year, from D = 2ut. Nei and Graur's (1984) estimate of heterozygosity (H) for the entire human populations is 0.143. N. was estimated from H = 4N.v,/( 1 + 4N.v,) under neutrality with oB = o X g, where g is the generation time (g = 15-20 years). estimated the synonymous substitution rate as 1.2 f 0.4 X lo-'/site/year for primate DRBI alleles (see also Satta et al. 1991) . This is about one-fourth of the rate obtained thus far (e.g., see Nei 1987, p. 80) . Here, because there is an apparent rate slowdown in primate lineages, Satta's estimate was used. N. was then estimated from n = 4N&.. using the estimate x = 0.076% at the synonymous sites observed by Li and Sadler (1991) .
d Kondo et al. (submitted) noted that the synonymous substitution rate among six mitochondrially coded genes is uniform and estimated it as 2.37 + 0.1 I X IO-*/site/year. Kocher and Wil'son (1991) observed that the deepest branch of the human mtDNA tree is -0.0033 in terms of nucleotide differences per site (d) in the ND4-5 region. Since d is given by d = 2N,p#, we have NJ = 3,500 or 4,600, where N/stands for the number of breeding females.
as measured by Wright's fixation index FST is rather low. Estimates of FsT for three major human populations, i.e., negroids, caucasoids, and mongoloids, is -10% for nuclear loci (Nei and Roychoudhury 1982) and -40% for mitochondrial DNA (mtDNA) (Stoneking et al. 1990; Merriwether et al. 199 1) . The difference between these estimates is largely because N, for mtDNA is about one-fourth of that for diploid nuclear loci when the sex ratio is 1. This is because mtDNA is essentially haploid and maternally inherited. The small FsT values imply either continuous migration among the major human populations or, if they are completely isolated from each other, that their genetic differentiation started to occur recently. It is often difficult to distinguish between these possibilities. However, if we assume that human populations have been subdivided for the past 1 Myr ( -50,000 generations), as claimed by the multiregional hypothesis, it can be shown that this period of time is long enough that FST equilibrates (e.g., see Crow and Aoki 1984 and fig. 2 ), provided that the number of breeding individuals within each population is not much larger than 104. That is, ongoing migration is a more important factor than recent differentiation of populations, in this hypothesis. If we apply Wright's ( 193 1) island model to those FST values, then the number of migrating individuals per generation is -2 (table 2) .
Third, the genealogy of genes sampled from human populations is generally shallow. In the case of mtDNA ( fig. 3) , the deepest branch point (or the deepest coalescence time) is -200,000 years, and this estimate is unlikely to be > 1 Myr (Cann et al. 1987; Horai 199 1; Merriwether et al. 199 1; Vigilant et al. 199 1; . Under neutrality, the coalescence time of nuclear genes is expected to be four times longer than that of mtDNA, for the reason already mentioned. It can therefore be as long as 800,000 years. Xiong et al. ( 199 1) showed that a pair of apolipoprotein C-II deficiency alleles (presumably pseudogenes) have persisted for >500,000 years. Although they took this finding as support of the multiregional hypothesis, the genealogy of apolipoprotein C-ZZ deficiency alleles is actually compatible with neutrality and N, = 104. It is unlikely, however, that the genealogy of neutral genes exceeds several million years if N, = lo4 The most conservative Fsr( T) value under the Noah's Ark hypothesis is given when m = 0 and N = 104, or Fsr(O.5) = l-e".* = 0.39, which is four times larger than the estimated value. However, if there were four major populations with equal size 2,500, T would become 2 and therefore Fsr(2) iz~ l-e-' = 0.86. This value is too large to be compatible with the data, so that some migration must be taken into account even under the Noah's Ark hypothesis.
(see below and Kingman 1982; Tajima 1983; TavarC 1984; Watterson 1984; Takahata and Nei 1985; Nei 1987, p. 391; Takahata 1991a) . These conclusions from genetic data reflect the evolutionary features of human populations only within the past 1 Myr. In this context, it may be pointed out that the 5' region of the 6 globin gene provides a contradictory case (Maeda et al. 1983 ). There exist two distinct types of the chromosome with n = 0.9%. This value is 30 times greater than the mean value (0.03%) in the 5' regions (Li and Sadler 1991) , and the estimated time of coalescence is -3 Myr (Maeda et al. 1983) . Because the probability (P) that coalescence of two neutral genes occurred before t generations is given by exp( -t/ 2N,), P = 0.03, when N, = lo4 and t FZ 50,000 generations (or 1 Myr) . In other words, two neutral genes can persist, without coalescence, for > 1 Myr only with probability 0.03. It is therefore improbable that two neutral alleles will Allelic Genealogy and Human Evolution 7 for mtDNA. Nand A', denote number of breeding individuals and number of breeding females in each subpopulation, respectively. b Nei and Roychoudhury (1982) . ' Nei and L&hits ( 1990) . d Stoneking et al. ( 1990) ; 119 individuals in sample. ' Meniwether et al. (1991) ; 3,065 individuals in sample.
persist for another 2 Myr if N, = 104. This suggests that either the polymorphism is not neutral or that N, was > lo4 prior to the out-of-Africa movement of Homo erectus. This argument is based on the assumption that no transfer of nonorthologous DNA by gene conversion or unequal crossing-over was involved.
There is, however, one genetic system that shows levels of polymorphism that are incompatible with neutrality (Figueroa et al. 1988; Lawlor et al. 1988; McConnell et al. 1988; Klein 199 1) . This system is the HLA gene complex consisting of class I and class II loci linked on the short arm of chromosome 6 (for more information, see Klein 1986, p_ 130) . At each functional locus of class I and class II, the coalescence time of alleles, the number of segregating alleles, the rate of nucleotide substitutions, H, and the number of nucleotide differences between alleles are all quite different from those observed at ordinary (presumably neutral) loci ( fig. 3 ) and appear to result from the operation of natural selection (Klein 1986, p. 613; Hughes and Nei 1988; Klein et al. 1990a Klein et al. , 1990b Klein and Takahata 1990; Takahata and Nei 1990) . Although the exact evolutionary mechanisms that maintain HLA polymorphisms are still a matter of debate (Hill et al. 1992; Hughes and Nei 1992) , natural selection responsible for the evolution of HLA must be a type of diversity-enhancing or balancing selection that can maintain a large number of alleles for millions of generations. Under balancing selection, not only new but also old alleles have larger selective advantages when they become rare. The incorporation of new alleles is facilitated, and, once incorporated, alleles tend to be protected from extinction, as well as from fixation by the centripetal force of balancing selection. Only occasionally, incorporated alleles go to extinction. This rough picture explains why models of balancing selection (Wright 1960; Kimura and Crow 1964; Maruyama and Nei 1981) can be compatible with most features of HLA evolution.
I have argued elsewhere (Takahata 1991b) that in a population of constant size a model of balancing selection becomes compatible with HLA DNA sequence data only when the effective size of humans is of the order of 10 5 rather than 104. The estimate of N, from HLA loci was based on the assumptions of no intragenic recom- Wills ( 199 1) argued against most models of individual-level balancing selection for HLA polymorphism. In particular, he criticized the model of overdominance selection (heterosis), on the basis that homozygote disadvantage (s) must be strong and therefore there can be a large departure from the Hardy-Weinberg expectation in genotype frequencies. In reality, a large value of s need not be assumed (Takahata and Nei 1990) , although the product of s and N, must be large: The estimated value of s was small and ranged from 0.004 to 0.032, depending on loci, whereas the mean value of N, estimated from five HLA loci was 1.3 X 10 5 . Thus, it is true that, for any model of individual-level balancing selection to be compatible with HLA polymorphism, we must assume a fairly large value of N,. Does this suggest that such a model of balancing selection is inappropriate to HLA or that the history of human lineage for some 10s of Myr is different from that for the past 1 Myr? At present, there is no experimental demonstration of overdominance selection. Nonetheless, the model is in good agreement with actual data, so that there seems to be no reason to reject it Nei 1988, 1992; Takahata and Nei 1990; Nei and Hughes 199 1; Takahata et al. 1992) . The approach I take is based on such a model or its equivalent in frequency-dependent selection (Takahata and Nei 1990) but assumes that the population history of humans has not been stable over a long period of evolutionary time. Because human populations must have been geographically subdivided to some extent, the following two sections demonstrate theoretically how and to what extent population subdivision influences both the genealogy of neutral genes and spreading of advantageous genes.
Neutral Genes and Population Subdivision
For simplicity, we use an island model of population structure. The whole population consists of L subpopulations each of which has N breeding individuals (Wright 193 1; Maruyama 1970) , and there are NL breeding individuals in total. The pergeneration migration rate is denoted by m, and when emigration occurs from one subpopulation, the L -1 remaining subpopulations receive immigrants with equal probability. The average fraction of immigrants in a recipient subpopulation from a donor is m/( L-1) every generation. When 4Nm I 0.1, it can be shown that the mean and variance of the coalescence time of genes (T), i.e., the total length of ancestry, are given by E(T) =e
respectively, where r is the number of subpopulations from which at least one gene is sampled (Takahata 199 la) . Clearly, r is an important parameter for determining T. By contrast, when 4Nm 2 10, we can use the coalescence process for a panmictic population with effective size NL. Then the mean and variance of T for a sample of size IZ are given, respectively, by
(2) Table 3 shows simulation results on T, the total number of migration events (K) in the ancestry of n sampled genes, and the number of distinct ancestral genes (i) at a given time in the past (5NL generations ago). Note that t = 5NL is equal to 1 Myr if NL = lo4 and one generation is 20 years. Figure 4 shows the probability distribution of i. Nm = 2 (table 2) implies that the entire population becomes essentially panmictic in terms of neutral gene genealogy. Here we present the relationship between N, and the number of breeding individuals (NL) . Nei and Takahata (submitted) Number of distinct genes of the number of distinct ancestral genes (nbscissa ) for n neutral genes that are sampled at random from a panmictic population of effective size N, (Tavare 1984; Watterson 1984 ). Here n = 50. The value above each curve represents the time (measured in units of 2N, generations) at which the number of ancestral genes was counted. The same distribution is applicable to the case of the finite-island model of population structure if N, in eq. (3) is used. Also, the distribution represents the number of distinct overdominant alleles (Takahata 1990) if time is scaled in units of 2N& generations, where S, is given by eq. (6).
becomes much longer than NL, under the situation of Nm I 0.0 1. When Nm > 1, however, N, does not differ much from NL. We have assumed that NL, rather than N,, is -104, because the estimated value of Nm = -2. If, instead, Nm = 0.0 1 and N, = lo4 are used, then equation ( 3) leads to NL = 400. A low level of migration thus results in an unrealistically small number of breeding individuals for a given value of N,.
An immediate conclusion is that, if Nm is as small as 0.01 for the last 5NL generations, then there must have existed more than one distinct ancestral gene 5NL generations ago for a sample of n genes (table 3 ) . Even when we sample only one gene from each of two different populations, the mean coalescence time from equation ( 1) is (L-1 )/( 8NmL) in units of 4NL generations. This can be well over 1 Myr if NL = lo4 and Nm = 0.01 ( fig. 5) . Also, the probability that such genes diverged prior to 4NL generations ago is as high as exp { -8NmL/( L-1) } = 0.92. If we assume either that Nm = 0 or some small values of Nm under the multiregional hypothesis, we must conclude that most of the time the neutral genes diverged > 1 Mya and therefore that much of neutral polymorphism predated the out-of-Africa movement of H. erectus. Except for the 5' region of the 6-globin gene and HLA genes, however, Allelic Genealogy and Human Evolution 13 available sequence data show no polymorphic alleles > 1 Myr old. This invalidates the candelabra hypothesis (Nm = 0)-and the multiregional hypothesis as well, if it assumes such a small value of Nm as 0.0 1. Conversely, in order for the multiregional hypothesis to be consistent with genetic data, it must assume that Nm % 0.0 1. To further support the above conclusion, consider the bottleneck effect (sudden reduction in population size). Bottlenecks, if they occurred, should not have been so severe as to reduce the long-term N, to < 1 04. When population size fluctuates in time, N, is largely determined by the duration in generations (tb) of the smallest size ( Nb) of population. A rough but useful measure for evaluating bottleneck effects is the ratio Nb/ tb. If the ratio is < 10, then the bottleneck has substantial effects in reducing genetic variation. Therefore, even a single generation of bottleneck of size 2 (Nb = 2 and tb = 1) can severely reduce the long-term N,. If, as the Noah's Ark hypothesis might envisage, such an extreme bottleneck occurred -200,000 years ago, then no polymorphism would have predated that time. Elsewhere, I have argued that the population size should not have been as small as 100 at any stage of human evolution (Takahata 1990, 199 1 b) . The Noah's Ark hypothesis can be valid only when the replacing population was sizable, which is one convincing message from the HLA polymorphism I shall later address.
Advantageous Mutations
In this section, I would like to discuss, from a different point of view, the previous result for the case of Nm % 0.0 1. That is, if a population is geographically structured, it would be difficult for an advantageous mutation to spread through the population and be fixed in the entire population within a reasonably short period of evolutionary time. Using the finite-island model of population structure, we assume that initially there is one subpopulation fixed with a mutant gene with selective advantage s. There are two possibilities: first, a subpopulation once fixed with the mutant gene may be swamped out again by nonmutant immigrants from other subpopulations, and, second, the mutant gene spreads to other subpopulations and becomes fixed. Such a process could be approximated by a birth-and-death process, provided that either "fixation" in one of the nonmutant subpopulations or "extinction" in one of the mutant subpopulations can happen rapidly ( Slatkin 198 1; Takahata 199 1 a ) . We define the mean time [E { T} ] for the process of a mutant gene that was initially fixed in one subpopulation and eventually spread through the entire L subpopulations.
It can be shown that, under genie selection, the approximate formula of E { T} is proportional to 1 /( 2Nms) when 4Ns $ 1 and 4Nsm 4 1. It is clear from this and table 4 that even advantageous mutations take a long time to spread if Nm is small ( fig. 6 ). Of interest is the condition for E { T} /( 4NL) < 1, because, if this is the case, then a new mutation can spread through more rapidly in a panmictic population of size NL than can a neutral gene. This requirement can be rewritten as
For N = 100, L = 100, and s = 0.05, Nm > 0.001. Equation (4) indicates that the weaker the selection, the larger the Nm value that is required (for more accurate values, see table 4 ). In addition, we have assumed that there was initially one subpopulation that was fixed with a mutant gene. The waiting time for this initial stage to occur depends on the mutation rate (v) with which an advantageous mutation arises. The mean fixation time is 1 / (4NLvs) generations, approximately (Takahata, accepted) . Even when u is as large as 10w6, it may take some thousands of generations for one mutant subpopulation to appear. Furthermore, we may require that a number of advantageous mutations must have accumulated for the development of modern humanity. Under these requirements, Nm cannot be much ~1, even when selection is intense. The conservative condition may thus be Nm > 0.01.
HLA Polymorphism
The evolutionary characteristics of alleles under balancing selection, as exemplified by HLA, contrast with those expected for completely neutral alleles. For convenience, the alleles subjected to such selection will be called "overdominant" alleles in the following. Unfortunately, it seems rather difficult to examine the problem purely theoretically, because nonequilibrium properties of overdominant alleles in a subdivided population must be treated. Simulation was therefore carried out to observe the number of alleles, allelic turnover rate, H, and F ST. The results in table 5 show that an increase of Nm from 0.1 to 1 .O during the last 4NL generations does not alter these quantities substantially and that they do not differ from the expectations for them in a panmictic population. That the HL4 and non-HLA loci have about the same FST values (table  2) occurs because, if Nm = 2, then the population is essentially panmictic not only for neutral but also for overdominant alleles. When selection is effective within each subpopulation (2Ns = 5 in the simulation), the long-term persistence of overdominant alleles (see below) increases the chance that allelic lineages will move from one subpopulation to another. This explains why overdominant alleles are less sensitive to population subdivision and why there is great value in examining the panmictic case.
Although the genealogical relationships among different overdominant alleles in a panmictic population are approximately the same as those among neutral genes, the time scale differs greatly (Takahata 1990; Takahata and Nei 1990) . The rate of allelic turnover or replacement of one parental allele by its descendant depends on population size, selection intensity, and mutation rate. We record some such results to summarize the main evolutionary characteristics of overdominant alleles. Designate by u the mutation rate per target site of selection per generation, and designate by s the selection parameter. The estimated value of u is 2-3 X 10-6/class I peptidebinding region at which balancing selection operates and N 6 X 10 -'/class II peptidebinding region (Satta et al. 199 1; Satta, accepted) . Assume that a panmictic population of effective size N, is so large (N,s > 1) that selection overcomes genetic drift and a number of allelic lines are maintained at equilibrium. The mean number of alleles (k), mean heterozygosity (H), and mean nucleotide substitution rate relative to the mutation rate (a) can be approximately given by More important, the coalescence time of overdominant alleles becomes much longer than that of neutral genes. The mean coalescence time of two randomly chosen overdominant alleles is 2N,f,, where f, is given by
In effect, the population size for overdominant alleles becomes f, times larger than that for neutral genes (Takahata 1990) . For example, if u = 2 X 10P6, s = 0.025, and N, = 105, then M = 0.2 and S = 5,000, so that we havef, = 8.
As mentioned earlier, overdominant alleles are less sensitive to population structure. The values of k, H, and a for the case of Nm = 0.1 or 1 in a structured population are nearly the same as those in a panmictic population (N = 10, L = 25, and NLu = 0.025 in simulation). Only when Nm becomes much smaller do notable differences emerge. Assume therefore that Nm was ~0.1 in an early stage of hominid evolution. Such a population structure, if it existed, could help to explain both why HLA polymorphism suggests N, x lo5 ) and, at the same time, why the evolutionary rate of Mhc among mammals is not particularly fast (Hughes and Nei 1988) . The rate (a = 4.4 for Nm = 0.01; table 5) becomes smaller than that (6.7) of a panmictic population of size NL. This retardation occurs because selection, acting in each subpopulation with small N, becomes less efficient. On the other hand, the number of alleles (k = 17 for Nm = 0.0 1) becomes much larger than the number (9.1) for a single panmictic population. The value of k = 17 is, however, much smaller than the number 55 ( =2.2X25) that is expected when all L = 25 subpopulations, each having 2.2 alleles on average, are completely isolated.
Thus, under balancing selection, the number of alleles and heterozygosity increases in a subdivided population, but the evolutionary rate decreases as the number of migrants per generation (Nm) decreases. These features lend themselves to the explanation of a large number of HLA alleles (Klein 1986, p. 6 15 ) and moderate rates of nonsynonymous substitutions at the peptide-binding region (a = 3-5 in Nei and Hughes 199 1, and a = 3-8 in Satta, accepted; also see Takahata et al. 1992) . Furthermore, the extent of local differentiation of overdominant alleles must be relatively small (small FST values) even if Nm -C 0.1. However, these favorable features, arising from the effects of population structure, are manifest only for small values of Nm (10.01). Table 5 also shows, with an island model of population structure, that some polymorphic alleles that have been maintained by geographic isolation are rapidly lost as Nm increases. Hence, even if, prior to the out-of-Africa movement, human populations were subdivided strongly (say, Nm = 0.01) and even if, therefore, N, was much > 10 4, the late Pleistocene epoch (N, = 10 4 ) is sufficiently long for many alleles to be lost. The same thing can happen if the number of breeding individuals per se became small ( fig. 7 ) . It is conceivable that the number of breeding individuals in Africa was large but that, after the dispersal to the Old World, it decreased, owing to the then adverse environment. In general, because the number of alleles changes rapidly as N, changes, the presumed large N, value prior to the late Pleistocene does not help to explain a large number of HLA alleles in the current population. We must consider other possibilities for explaining the enormous number of alleles observed at some of the functional HLA loci . One possible explanation is that the modern human population began to explode with the agricultural revolution. This period of time ( 10,000 years) amounts to only -500 generations, yet it is possible that many new alleles were restored in such a rapidly growing population. This is particularly true for overdominant alleles, and the number of such new alleles can be very large if M = N,u 2 1 (Takahata, accepted) . However, this increase in the number of alleles might not affect H very much, because the time (500 generations) is short and because frequencies of newly incorporated alleles are expected to be still low. Then, there must be an excess of rare alleles compared with the expected number computed from the N, value, and these alleles would differ only by a small number of nucleotide substitutions in the peptide-binding region. As a consequence, the allelic It is assumed that there were initially 20 alleles and that S = 2N,s = 100. Since no new mutation is assumed, the population eventually becomes monomorphic. The figure shows that 15 alleles are lost within one unit of time (2N, generations), although it takes a long time for further loss of alleles to occur. Exp = expected number of alleles (Takahata, accepted) ; and Sim = simulation result of 100 replications.
genealogy of HLA should look like a bush, with -10 truns-specific trunks each having two or more twigs.
In any case, if a severe reduction in N, occurred, then most coalescences of HL4 alleles, even under balancing selection, should not greatly exceed the time of this event, or most divergences of alleles must have occurred after the bottleneck. Under an extreme situation, the HLA ancestry has to be truncated and look like a star phylogeny. Such a phylogeny is never observed in HLA loci. To the contrary, the ancestry goes well back to the early Miocene ( fig. 3) . The HL4 polymorphism thus provides convincing evidence for the absence of severe bottlenecks in almost the entire history of hominoids.
Discussion
With respect to the three alternative hypotheses for the origin of modem humans, I have drawn various theoretical conclusions based upon genetic diversity and allelic genealogy in a finite-island model of population structure. In particular, if the multiregional hypothesis is correct, then it is required that Nm x 2 and N, = NL x lo4 during the past 1 Myr. Under the Noah's Ark hypothesis, on the other hand, the N, is concerned only with the direct line from Homo erectus to H. sapiens. Unfortunately, no inference is possible about the Nm value, without further specification of details of the hypothesis. The value depends on whether the period concerned (the past 200,000 years) is long enough that a new equilibrium value of FST could be attained (see legend to fig. 2) .
The candelabra hypothesis, as an extreme form of the multiregional hypothesis, can be rejected. If it is correct, we should find pairs of genes that diverged > 1 Mya. This prediction does not depend either on kinds of loci studied or on the assumption of neutrality. The clearest evidence against the candelabra hypothesis is the shallow ancestry of mtDNA for the worldwide sample of humans (Merriwether et al. 199 1) . The upper bound of the estimates of the coalescence time may be as large as 760,000 years , but this upper bound depends on the assumption that the divergence between human and chimpanzee occurred 9 Mya. A more likely upper bound would be 400,000 years, since human and chimpanzee probably diverged 4.7 + 0.5 Mya (Horai et al. 1992 ; also see . In either estimate, however, the divergence of mtDNA was recent enough to justify rejection of the candelabra hypothesis. For the same reason, the multiregional hypothesis can be rejected if it assumes a low rate of migration. I agree with Wilson and Cann's ( 1992) criticism of the hypothesis, except for the vague italicized qualification that "huge" levels of gene flow between continents, however, would be necessary to maintain human populations as one biological species. A problem is that it is not clear what extent of migration is envisaged. A necessary condition for the validity is Nm % 0.01 and possibly Nm = 2. It remains to be seen whether the multiregional hypothesis can accept such a huge level of migration.
The Noah's Ark hypothesis with a bottleneck effect is not particularly supported by data on the mtDNA genealogy. The shallowness of the genealogy ( fig. 3 ) can simply be a natural consequence of genetic drift ceaselessly operating in a population of effective size lo4 and therefore cannot be any direct evidence for the bottleneck that might have taken place when modern H. sapiens began to spread. However, the HLA polymorphism indicates that the long-term N, over 10s of Myr could not be small, possibly -105. The discrepancy between the two estimates of N,, lo4 from presumably neutral variants and lo5 from HLA alleles, likely arises from the different time scales of these polymorphisms, suggesting that human populations were either larger in size or relatively isolated from each other > 1 Mya. In any event, the HLA polymorphism is clearly incompatible with any model that invokes severe bottleneck effects, and thus the Noah's Ark hypothesis with a severe bottleneck is not acceptable. Another problem with the Noah's Ark, or Eve, theory (Cann et al. 1987 ) is how to explain the complete replacement of H. erectus by modern humans. In the metaphor used by Thorne and Wolpoff ( 1992) ) the difficulty is something like that of a new swimmer (modern H. sapiens) who must jump into the pool (Old World) with such a splash that he drowns all the other swimmers (Neanderthals and H. erectus).
Finally, I would like to point out the value of HLA loci in the study of human evolution. It is the tram-specific nature of polymorphism that allows us to trace the population history of human lineage for a much longer time scale than do short-lived neutral polymorphisms. All in all, the 35Myr-old divergence of DRBI alleles implies that, throughout almost its entire history, the human lineage has never experienced severe bottlenecks. If, with respect to polymorphism, any species shows a pattern and 20 Takahata a time scale of polymorphism similar to those at HLA loci, then this species must also have evolved without experiencing the founder effect.
